Experiments were performed to study the effect of film hole location on Nusselt numbers over a blade model without film holes. An increase in mainstream turbulence intensity causes an increase in Nusselt numbers over most of the blade surface, for both coolants, and at all blowing ratios. Film injection promotes an earlier boundary layer transition on the suction surface and the onset of transition depends on the film injection location; but at high turbulence levels, transition location is almost independent of film injection location.
INTRODUCTION
It is well known that gas turbine performance improves with an increase in turbine inlet temperature. This has caused a continuing trend towards higher gas turbine inlet temperatures and resulted in higher heat loads on turbine components.
Hence, sophisticated turbine blade cooling techniques must be employed in order to maintain the engine performance requirements. Since any compressor extracted air for cooling degrades engine performance, the amount of coolant must be minimized. Thus, it is important to understand the effect of film hole location on local heat transfer coefficient distribution on a gas turbine blade. Mainstream turbulence generated by combustor and unsteady wakes shed by upstream nozzle vanes may have an adverse effect on film coverage and hence on film cooling performance. Also, the injectant to mainstream density ratio There have been many studies to investigate the effect of upstream unsteady wake and mainstream turbulence on heat transfer coefficients from a turbine blade without film cooling. Dunn [1986] , Dunn et al. [1986 Dunn et al. [ ,1989 Dunn et al. [ ,1994 , Blair et al. [1989a Blair et al. [ , 1989b , Abhari et al. [1992] , and Blair [1994] , conducted experiments in rotor-stator blade rows; whereas, Pfeil et al. [1983] , Doorly and Oldfield [1985] , Wittig et al. I1987,1988 , Priddy and Bayley [1988] , O'Brien and Capp [1989] , Dullenkopf et al. [1991 ] , Dullenkopf and Mayle [1994] , Liu and Rodi [1992] , and Han et al. [1993] did laboratory simulations of upstream unsteady wake conditions. They reported significant increases in heat transfer due to unsteady wake as well as an earlier and longer transition region on suction surface. The combined effect of mainstream turbulence and unsteady wake on heat transfer coefficients from a turbine blade without film cooling has been studied by Ashworth et al. [1985] and Doorly [1988] . Ashworth reported that in presence of unsteady wake, an increase in mainstream turbulence from Tu < 1% to Tu 4% moves transition on both pressure and suction surfaces from 50-60% of X/C to about 10-30% of X/C. Doorly reported that the effect of unsteady wake passing on an already turbulent boundary layer heat transfer is fairly small.
There have been some studies to investigate the effect of upstream unsteady wake and mainstream turbulence on heat transfer coefficient from a turbine blade with film injection. Nirmalan and Hylton [1990] studied the effects of exit Mach number, exit Reynolds number, and coolant-to-gas pressure and temperature ratios on heat transfer coefficient on a vane. They reported that at low coolant-to-gas temperature ratio, the film cooling effects are relatively insensitive to exit Mach number but more sensitive to exit Reynolds number, and vice-versa. Camci and Arts [1990] studied the effects of coolant-to-gas temperature ratio, and mainstream turbulence on heat transfer coefficient. They reported heat transfer coefficient strongly depended on coolant-to-gas temperature ratio and mainstream turbulence did not have any significant effect. Abhari and Epstein [1994] studied heat transfer on a film cooled rotor blade with time resolved measurements, under simulated non-dimensional engine conditions in a blow down facility. They reported that film cooling reduces time-averaged heat transfer rate by as much as 60% on suction surface; whereas, the effect on pressure surface is relatively small. Ou et al. [1994] studied the effects of incident unsteady wake conditions and injectant density on blade heat transfer coefficient from a linear turbine blade cascade. They reported that an increase in unsteady wake strength causes an increase in heat transfer coefficient. Mehendale et al. [1994] studied the effects of incident unsteady wake conditions and injectant density on blade heat load for flow through a linear turbine blade cascade. They reported that higher density injectant at higher blowing ratios causes a larger reduction in heat loads to a blade. Ekkad et al. [1997] studied the combined effects of incident wake and mainstream turbulence on blade heat transfer coefficient and film effectiveness for the same blade used by Ou et al. [1994] and Mehendale et al. [1994] . Teekaram et al. [1989] studied the use of a foreign gas (CO2) injection, to simulate density ratio effect, on film cooled heat transfer coefficients for flow over a flat plate. They compared data with CO2 or air (the injectant air was cooled to produce same density as CO2) as injectants. They did not observe any difference in heat transfer coefficients as long as the injectant density was maintained the same.
This study is a continuation of Ou et al. [1994] , Mehendale et al. [1994] , and Ekkad et al. [1997] who employed full film coverage, and Ou and Hart [1994] [1996] presented the effect of injection location on film effectiveness for same blade geometry under same mainstream turbulence conditions.
The objectives of this study are to determine the changes in heat transfer coefficient distribution for (1) film injection through three film hole rows, only in the leading edge region, (2) film injection through only one film hole row each, at X/C -0.13 and X/C 0.18, on the pressure and suction surfaces, respectively, (3) film injection through only one film hole row each, at X/C =-0.2 and X/ C=0.41, on the pressure and suction surfaces, respectively, (4) film injection through all the above mentioned film hole row locations (referred to as full film coverage in this paper), and (5) the effect of injectant to mainstream density ratio on blade heat transfer coefficient distributions.
TEST APPARATUS AND INSTRUMENTATION
The test apparatus consisted of a low speed, low turbulence, suction type wind tunnel with an inlet nozzle, a spokedJwheel type wake generator, a turbulence grid, a linear turbine blade cascade with an instrumented blade at its center, and a blower. The wind tunnel was designed for a blade turning angle of 107.49 The five blade cascade was installed downstream of the turbulence grid and the wake generator.
A detailed view of the test geometry is shown in Fig. 1 [1993] ) and the desired blowing ratio. Tests were conducted at the blowir/g ratios of 0.5, 1.0, and 1.5. Film injection through the desired film hole rows was achieved by sealing film holes at other locations and making the surface flush with rest of the test surface.
Unsteady wake strength is given by wake Strouhal number S-2-Ndn/(60V1) (O'Brien and Capp, 1989) . Two turbulence conditions at the cascade inlet were studied, the low turbulence condition (Tu 0.75%) where the turbulence grid and all rods from the wake generator were removed, and the high turbulence condition (Tu 16.4%). The integral length scale at cascade inlet for the turbulence grid was estimated to be about 1.1 cm. Wake Strouhal number of S-0.3 was achieved by setting N 287 rpm which corresponds to a flow coefficient V1/Ur--dn/(rmS) (O'Brien and Capp, 1989) were performed to estimate the total heat loss. The measured total heat loss was about 10% of the foil generated heat. On an average, the conduction and radiation heat losses were 4% and 6%, respectively, of the heat generated. Heat loss through the tiny thermocouple wires was estimated to be very small (less than 0.1%), and axial and lateral conduction through the thin foil was also found to be negligible. [1953] showed the uncertainty in Nusselt number to be about +5% based on 20:1 odds. Uncertainty in Nusselt number was a little higher at locations near the film holes due to lower wall temperatures and heat loss to injectant.
RESULTS AND DISCUSSION
Velocity profiles in the radial direction at the inlet and outlet of the left and right flow paths adjacent to the test blade are shown in Ou et al. [1994] .
Results indicate that the inlet and outlet velocity profiles in the flow paths are essentially uniform in the midspan region. Also, the flow direction at the inlet and outlet of both flow paths was uniform. Thus, the Nusselt numbers are free from the top and bottom wall boundary layer effects. An identical profile blade with static pressure taps was used to measure local mainstream velocity around the blade. Local-to-exit velocity ratio (V/V2) distributions for several turbulence conditions are shown in Fig. 3 distance followed by a deceleration. On the pressure surface, flow velocity remains almost constant till about one third of axial distance and then experiences an acceleration. Since the suction surface of a gas turbine blade experiences much higher mainstream velocities than its pressure surface, the boundary layer on its suction surface is much thinner and is more susceptible to mainstream and boundary layer disturbances. Hence, more attention is focussed on the effect of film hole location on suction surface heat transfer coefficients in discussion of the figures. (Fig. 5) , increases in heat transfer coefficients over the no film holes model are observed downstream of the film hole row locations for both density ratio injectants at all blowing ratios and the increases in heat transfer coefficients on the pressure surface are less prominent. Unlike for the case of Cavity injection (Fig. 5) , transition occurs at about X/C=0.4 for both mainstream turbulence cases. This may be because the freestream acceleration is lower in this delayed injection region (X/C0.2) (as compared to leading edge injection). Hence, the boundary layer disturbances are not suppressed as in the previous case thus leading to an earlier transition even for low mainstream turbulence. The effects of blowing ratio and density ratio are similar to the case of leading edge injection.
Mehendale et al. [1994] have shown that higher density injectant at higher blowing ratio provides best heat load reduction. Since density ratio and blowing ratio in a gas turbine engine are on the higher side, the performance of different film hole injection locations will be compared at the highest blowing ratio studied of 1.5.
Effect of film hole row location on spanwise averaged Nusselt number distribution, for air injection at the blowing ratio of 1.5, at the turbulence intensities of Tu 0.75% and 16.4% is shown in Fig. 7 . Also shown for comparison are the results from Ou and Han [1994] for air injection (M 1.5) through third rows of film holes on the pressure and suction surfaces (Cavities 3 and 4), from Ekkad et al. [1997] for air injection (M 1.2) through all rows of film holes (full coverage), and from the no film holes smooth surface blade model. For Tu 0.75%, it can be seen that for the case of third rows injection, the data follows the no film holes data till just before injection location, then there is an increase in heat transfer coefficients followed by transition because of low mainstream acceleration. The data for leading edge injection is initially higher than for the third row injection, but it continues to decrease till transition (X/C 0.7).
The data for full coverage injection is higher than all other data in spite of being at a lower blowing ratio of only M 1.2. This is because, due to film injection through several rows boundary layer is disturbed repeatedly causing high heat transfer coefficients. The transition location moves upstream from smooth surface no film holes caseto-leading edge injection case-to-third rows injection case-to-second rows injection case-to-full coverage injection case. For Tu--16.4%, the heat transfer coefficients at all locations are higher than at Tu =0.75% for all film hole location cases. One major difference over the low turbulence case is that transition occurs at about X/C=0.6 for all film hole location case. Another major difference over the low turbulence case is that past X/C 0.4, the leading edge, second rows, and third rows injection cases produce almost similar levels of heat transfer coefficients. This differences may be attributed to high mainstream turbulence effect dominating the boundary layer disturbance effects produced by discrete film injection for the leading edge, second rows, and third rows film injection cases.
Effect of film hole row location on spanwise averaged Nusselt number distribution, for CO2
injection at the blowing ratio of 1.5, at the turbulence intensities of Tu =0.75% and 16.4% is shown in Fig. 8 Tu 0.75%, transition occurs at about X/C=0.5 due to the accumulation effect. As for air injection, the full coverage injection case produces highest heat transfer coefficients followed by the second rows injection case followed by the leading edge injection and the third rows injection cases. As for the low turbulence case, transition occurs at X/C=0.5 for all injection cases at Tu 16.4%. Also, the differences in heat transfer coefficients from case to case are considerably reduced. Similar trends were observed at the two lower blowing ratios studied of M=0.5 and 1.0, but increases in heat transfer coefficient due to mainstream turbulence were more prominent at the lowest blowing ratio studied of M--0. Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced. As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
